Abstract
In this work, we show how domain engineered lithium niobate can be used to selectively dope monolayer MoSe2 and WSe2 and demonstrate that these ferroelectric domains can significantly enhance or inhibit photoluminescence (PL) with the most dramatic modulation occurring at the heterojunction interface between two domains.
A micro-PL and Raman system is used to obtain spatially resolved images of the differently doped transition metal dichalcogenides (TMDs). The domain inverted lithium niobate causes changes in the TMDs due to electrostatic doping as a result of the remnant polarization from the substrate. Moreover, the differently doped TMDs (ntype MoSe2 and p-type WSe2) exhibit opposite PL modulation. Distinct oppositely charged domains were obtained with a 9-fold PL enhancement for the same single MoSe2 sheet when adhered to the positive (P + ) and negative (P -) domains. This sharp PL modulation on the ferroelectric domain results from different free electron or hole concentrations in the materials conduction band or valence band. Moreover, excitons dissociate rapidly at the interface between the P + and P -domains due to the built-in electric field. We are able to adjust the charge on the P + and P -domains using temperature via the pyroelectric effect and observe rapid PL quenching over a narrow temperature range illustrating the observed PL modulation is electronic in nature. This observation creates an opportunity to harness the direct bandgap TMD 2D materials as an active optical component for the lithium niobate platform using domain engineering of the lithium niobate substrate to create optically active heterostructures that could be used for photodetectors or even electrically driven optical sources on-chip.
KEYWORDS: ferroelectric polarization, lithium niobite, transition metal dichalcogenides, photoluminescence modulation, electrostatic doping, Direct bandgap monolayer transition metal dichalcogenides (TMDs) [1] [2] [3] [4] have attracted tremendous interest due to their optically controlled valley polarization and coherence, [5] [6] giant spin-valley coupling and tightly bound excitonic states. [7] [8] [9] [10] Owing to their atomically thin structure, monolayer TMDs act as semiconductors which can undergo a complete transition from indirect to a direct bandgap, with energy gaps located at the Brillouin zone producing a strong exciton pumping efficiency. 2 In particular, monolayer TMDs provide a platform for investigating the dynamics of excitons in reduced dimensions at room temperature and fundamental many-body interactions. [11] [12] [13] [14] [15] [16] [17] The ability to access exciton behaviors at room temperature with this platform creates opportunities for high quality optical detection and ultimately optical sources. 18 So far, many investigations for TMD p-n diodes (positive-negative) consist of one monolayer TMD material and two splitting gate metals. [19] [20] [21] This method sets a gate voltage through the metallic contacts to dope the TMDs achieving strong chargedensity tuning and therefore creates a lateral p-n junction. However, the metal gates can result in an inhomogeneous charge distribution and unavoidable quenching of light emission at the TMD surface.
Owing to ultra-thin nature of TMDs TMD materials are sensitive to the surrounding ionic environment, which opens the possibility of ferroelectric gating control of monolayer TMDs due to quantum confinement, high carrier mobility and a tunable bandgap. Ferroelectric (FE) materials possess a spontaneous electrical polarization resulting in a strong built in electric field along polar axis and very strong surface charges with positive charges on one surface and negative charges on the other.
The spontaneous electrical polarization can be inverted through application of a strong electric field and this can be done locally to create a spatial domain pattern of positive or negative polar surfaces. This domain pattern can offer a strategy for lateral modulation in TMDs to create electro-statically driven p-n homojunction, which offers an alternative to complex split-gate electrodes. 22 Importantly, if the ferroelectric substrate is optically transparent, then the quenching of light emission often encountered with split-gate electrodes can be overcome.
Lithium niobate (LiNbO3, LN) is a widely known ferroelectric material for optical waveguides, optical modulators, piezoelectric sensors and is an industry standard platform for wavelength conversion, high speed communications, microwave photonics and emerging platform for quantum optics. [23] [24] [25] [26] [27] Its utility in photonics is based on its excellent optical transparency from visible to mid infrared wavelengths and its strong ferroelectric nature leads to relatively efficient and ultra-high speed electro-optic and nonlinear optic properties. Due to the ability to integrate so many functionalities LN has recently been proposed as a next generation optical integration platform. 26 However, since LN is not a semiconductor, it cannot inherently provide high speed photodetectors or laser sources. This has led to many researchers exploring hybrid integration to obtain these functionalities. 
Results and discussion
A schematic plot of a TMD/LN homojunction is shown in Figure 1a attributed to decreased n-type carrier concentrations in the MoSe2. [39] [40] [41] Photoluminescence mapping revealed that periodic regimes of quenched/enhanced intensity are directly correlated with inverted ferroelectric polarization. This domain engineered ferroelectric substrate can provide simple emission modulation in TMD materials without the need for complex electrodes or multiple layers of semiconducting material.
In order to investigate surface doping that originates from the ferroelectric polarization effects due to monolayer PL emission, monolayer MoSe2 and WSe2 metallic oxide semiconductor field effect transistor (MOS) devices were fabricated to obtain the electrically gated PL spectrum ( Figure S2 and S3). Monolayer MoSe2 and WSe2 were exfoliated onto SiO2/Si substrates from the same matrix crystal to keep the initial doping level the same. The initial doping level, surface doping level and photo doping level in monolayer TMDs were extracted by comparing PL spectra from the mapping data with the gate-dependent PL spectra from the MOS devices. Here, a monolayer WSe2 was used to quantitively study charge transfer mechanisms. The gate dependent PL spectrum of monolayer WSe2 is shown in Figure S2 . By fitting all of the PL spectra under different gate voltages, the exciton and trion peak energies can be extracted. Then the Fermi level can be calculated by
where EA is the exciton peak energy, ET is the trion peak energy, EF is the Fermi energy level and Ebinding is the binding energy of trion.
Fermi level of monolayer WSe2 was extracted through Equation (1) . By plotting energy difference betwee the exciton and trion peak as a function of gate voltage linear trend between energy difference and Fermi level can be observed. For monolayer TMDs, the density of state in the conduction band and valence band is linearly distributed along the energy level. 42 The extracted binding energy of the monolayer WSe2 was 34 meV, consistent with previously reported results. 34, 43 To extract the doping level of the monolayer TMDs from the experimentally obtained Fermi level, the following two equations were used
where h is Planck's constant, π is the pi constant, n is the electron density, e is the fundamental unit of charge, mh is the effective mass of a hole, C is the back-gate capacitance and Vg is the gate voltage.
Equation (2) and (3) lower hole doping level than the P + domain meaning the P -domain will have a higher density of vacant state in the valence band for PL emission (Figure 2e ). The more neutral the monolayer TMD, the stronger PL emission. [40] [41] 44 The surface doping can effectively modify the doping level of two-dimensional materials 28 . Although, the optical behavior within the P -and P + domains have been subject to detailed investigations in the above discussion; the adjacent vicinity at the contact of the P -and P + domains (of the domain engineered LN and TMD), however, still has not been fully explored yet. In Figure 3 , power dependent PL measurements were employed to unveil the behavior of the surface junction area. Figure 3a and 3b present confocal PL mapping under 1.8 and 178 μW, respectively. The PL intensity evolution increased with the laser power excitation as expected. As the excitation power increased, the PL intensity of junction area P2 dramatically increased compared with the P -domain (P1) and P + domain (P3), which the line curve is also presented in Figure   3d . In the P2 domain, the surface doping level is near zero because negative and positive charges are neutralized forming a depletion region and an internal built-in electrical field exists in this domain (Figure 3c ). When the laser excitation power is very small, only a small number of photons can be injected into the material. Assuming a quantum efficiency of 1, only a small number of excitons are generated in this domain. They are quickly dissociated because of the internal built-in electric field. 45 Therefore, the P2 domain has lower PL emission compared with the P -and P + domains when the excitation power is 1.8 µW. However, when a larger excitation power is used, more excitons are formed and also dissociated. Electrons and holes accumulate at the edge of this depletion region. These accumulated charges create an electron/hole concentration gradient toward the depletion region, which is opposite to the built-in electrical field.
These concentration gradients stop the dissociation process of excitons within the P2 area and eventually they reach a dynamic balance. When the laser power was increased to 178 μW, more excitons are generated in all P1, P2 and P3 areas. However, the material doping level for P2 is much smaller than P1 and P3 due to the depletion region.
As shown in the scheme plot of Figure S5 , due to the lower interface charge density of P2, the exciton in this junction area would increase more than other domains with increasing laser power ( Figure S6a) . This lower doping level and more unoccupied electron density in the conduction band can contribute to more PL emissions excited by larger laser power. Due to the lower doping level, PL performance in P2 area shows higher exciton emission efficiency, as shown in Figure S6b . With abundant electrons on the surface of P3 state, the p-type WSe2 shows lower trion emission with increasing laser power as shown in in Figure S6b . With the balance of the built-in electric field, the intensity ratio between exciton and trion shows continuous reduction with increasing laser power, as shown in Figure S6c . Hence, as shown in Figure 3d , the PL emission in P2 is much stronger than P1 and P3.
Monolayer TMD samples on LN shows sizable interaction across the interface which affects the doping level and carrier density due to the remnant surface polarization of the FE substrate. Furthermore, due to the asymmetric polarization structure, the LN has an inimitable pyroelectric effect with changing temperature.
surface interaction of ferroelectric LN and monolayer TMD materials at low temperature is largely unexplored. To study the thermal stability and spatial charge modulation properties of the TMD/LN, temperature dependent PL measurements with an excitation laser power of 18 μW have been conducted. The surface charge density may reduce due to absorption or reconstruction within the TMD/LN system with decreasing temperature.
As shown in Figure 4a , PL mapping demonstrates the emission characteristics at near room temperature. By reducing the temperature only slightly from 301 K to 283 K, the PL intensity within the P -domain is rapidly quenched by nearly 75% ( Figure S7 ).
The PL intensity continues decreasing with decreased temperature down to 273 K (Figure 4b ), then the PL intensity keeps almost stable until liquid nitrogen temperature The remnant polarization of the LiNbO3 increases quickly with decreasing temperature from room temperature (RT) to 247K. 47 As illustrated in Figure S10 , the interface charges would also increase quickly. The electron density in the MoSe2 in the P -domain rapidly reduces and transfers to the substrate around RT to 247K. The doping level of MoSe2 on different domains would form a device similar to a p-n junction. With decreasing temperature, interface charges in the P -and P + domains (hole and electron) would both increase, which is likely to apply a voltage to the overlayer MoSe2 ( Figure   4f ). Combined with the MoSe2 in the P + domain, the majority carriers (as holes in MoSe2 on P -domain) would transfer to the nearby domains, which balances the charge density of different domains and the PL would also be balanced between different domains. As shown in Figure 4c , the PL intensity on the P -domain is quickly reduced and becomes similar to the PL intensity on the P + domain. The PL intensity of WSe2 on the P + domain also decreased with decreasing temperature down to 83 K and equals the PL emission on the P -domain (Figure 4d and e). When the temperature decreased from 247 K to 83 K, the polarization of the substrate also decreased ( Figure S9 ). So, the PL emission is slightly recovered and shown a hump around 220 K as shown in Figure 4c and e. With continuous cooling, the distance between the overlayer MoSe2 and the substrate is decreasing, [48] [49] which enhanced the interaction between TMD samples and the FE substrate. Therefore, the overlayer transport properties between different domains are enhanced and quenched the PL emission on the P -domain. The recovery (the hump around 220 K) attributed to the coupling effect of enhanced interface charge transfer and decreased polarization of the LN substrate, which delayed the inflection point from 247 K to 220 K. The PL emission intensity is rapidly quenched in the P -region due to the pyroelectric effect of LN (Figure 4f ). The decreasing speed was indicated by the quench factor as shown in Figure S10 . This observation clearly illustrates the electronic nature of the observed PL behavior. Due to the electrostatic doping as a result of the remnant polarization from the substrate, the band structure of monolayer MoSe2 has no or little change. So the peak energy is almost the same on P -and P + domain ( Figure S11b ). Due to the electrostatic doping nature across the interface, little difference of peak energy and full width at half maxima (FWHM) of monolayer MoSe2 on LN and SiO2 is indicated, as shown in Figure S11d and S11e. The temperature dependent PL could be harnessed directly as a highly sensitive temperature sensor, however we believe that the insight into the optoelectronic behavior of the TMD material on the domain engineered LN presents a far more significant opportunity for electronically powered and controlled optical sources on the LN integrated photonic platform.
Conclusion
In conclusion, we have shown that monolayer transition metal dichalcogenides Optical characterization. All the OPL characterizations were obtained using a phaseshifting interferometer (Vecco NT9100). PL measurements were conducted using a Horiba LabRAM system equipped with a confocal microscope, a charge-coupled device (CCD) Si detector, and a 532 nm diode-pumped solid-state (DPSS) laser as the excitation source. The electrical bias was applied using a Keithley 4200 semiconductor analyzer. The laser light was focused on the sample surface via a 50x objective lens.
The spectral response of the entire system was determined with a calibrated halogentungsten light source. The PL signal was collected by a grating spectrometer, thereby recording the PL spectrum through the CCD (Princeton Instruments, PIXIS). All the PL spectra were corrected for the instrument response. For temperature-dependent measurements, TMD/LN chips were put into a Linkam THMS 600 chamber and the temperature was set to a constant (range from 301K to 83K) during the PL measurements using a low-temperature controller with liquid nitrogen coolant. 
